Antiepileptic drugs (AEDs) are used increasingly in clinical practice to treat a number of conditions. However, the relationship between the use of these medications, particularly the newer AEDs, and fracture risk has not been well characterized. We used data from the Women's Health Initiative (WHI) to determine the relationship bewteen the use of AEDs and falls, fractures, and bone mineral density (BMD) over an average of 7.7 years of follow-up. We included 138,667 women (1,385 users of AEDs and 137,282 nonusers) aged 50 to 79 years in this longitudinal cohort analyses. After adjustment for covariates, use of AEDs was positively associated with total fractures [hazard ratio (HR) ¼ 1.44, 95% confidence interval (CI) 1.30-1.61], all site-specific fractures including the hip (HR ¼ 1.51, 95% CI 1.05-2.17), clinical vertebral fractures (HR ¼ 1.60, 95% CI 1.20-2.12), lower arm or wrist fractures (HR ¼ 1.40, 95% CI 1.11-1.76), and other clinical fractures (HR ¼ 1.46, 95% CI 1.29-1.65) and two or more falls (HR ¼ 1.62, 95% CI 1.50-1.74) but not with baseline BMD or changes in BMD ( p ! .064 for all sites). Use of more than one and use of enzyme-inducing AEDs were significantly associated with total fractures (HR ¼ 1.55, 95% CI 1.15-2.09 and HR ¼ 1.36, 95% CI 1.09-1.69, respectively). We conclude that in clinical practice, postmenopausal women who use AEDs should be considered at increased risk for fracture, and attention to fall prevention may be particularly important in these women. ß
Introduction
W orldwide, 50 million people suffer from epilepsy, and the majority use antiepileptic drugs (AEDs).
(1) However, increasingly, even among those without epilepsy, use of AEDs is becoming more prevalent. (2, 3) Therefore, the relationship of AED use to osteoporosis is of interest. The relationship of AED use to fractures is controversial, with some, (4, 5) although not all, (6) studies suggesting that fracture risk is increased. However, these reports are limited by sample size, selection of controls, and most important, the failure to take into account potential confounding factors. (4, 5) Even a large pharmacoepidemiologic database that examined the relationship of AED use and fractures was unable to control for important potential confounders, including family history of fractures, smoking history, and calcium/vitamin D intake, (7) which are available in the Women's Health Initiative (WHI). In addition, most studies of the relationship of AED use and fractures have excluded racial groups other than Caucasians. (6, 8) However, epilepsy does not have a particular racial predilection. (9) Few studies have included epilepsy. (2, 3) Finally, fall history has not been well considered in previous studies of the relationship between AED use and fracture There are a number of mechanisms by which AEDs may be associated with fractures. Vitamin D deficiency may occur with AEDs, (12) (13) (14) (15) (16) (17) (18) and it has been suggested that enzyme-inducing AEDs (inducers of the cytochrome P450 enzyme system) in particular may be associated with vitamin D deficiency because enzyme induction may lead to increased catabolism of vitamin D. (19) In addition, undercarboxylation of the bone Gla protein osteocalcin, a vitamin K-dependent protein that is a specific product of the osteoblasts, (20) has been reported with AEDs. (4) This is potentially important because epidemiologic studies suggest an association between undercarboxylation of osteocalcin and increased fracture rates. (21, 22) Fall history is important because falls may be associated with AEDs and/or the condition for which the AED is prescribed. Dizziness, ataxia, and unsteady gait are among the most common adverse effects of AEDs, (23) (24) (25) (26) (27) thereby having an impact on fall risk. Alternatively, conditions such as seizures (1) and diabetic neuropathy (28) are treated with AEDs, and falls occur as a result of these conditions. (29) No study to date has examined the relationship between AED use and bone mineral density (BMD) and fractures (including fall history) within the context of a large prospective study of ambulatory, multiethnic, noninstitutionalized women that uniformly collected medication exposure, BMD, and fracture and fall outcomes. The purpose of this study was to examine the association between AED drug use and changes in BMD, fractures, and falls in the WHI, including use of more than one AED and use of the more recently introduced non-enzymeinducing AEDs.
We hypothesized that compared with nonusers, AED users would have greater loss in BMD, more falls, and more fractures. Additionally, we hypothesized that users of more than one AED as opposed to users of one AED would have more fractures and that there would be more fractures in users of enzyme-inducing AEDs compared with non-enzyme-inducing AEDs. We suspected that this would be the case because increased hepatic catabolism of vitamin D metabolites occurs with enzymeinducing AEDs. (30) 
Materials and Methods

Design/setting and participants
We conducted a prospective study of AED use and changes in BMD (3 years) and fractures and falls (7.7 years) in women aged 50 to 79 years at 40 clinical centers in the WHI from 1993 to 1998. Users of corticosteroids (n ¼ 1406) and participants with missing covariate data (n ¼ 21,735) were excluded. The study population for the fracture outcomes (1385 AED users and 137,282 nonusers of AEDs) included all women in the WHI Observational Study (OS) and the WHI Clinical Trials (CT). BMD was available in a subset (84 AED users and 8677 nonusers of AEDs). Details of WHI methods have been described elsewhere. (31) All protocols were reviewed and approved by the institutional review board at each participating center.
Medication use
Current medication use was ascertained by having the participants bring the containers with all medications taken for the prior 2 weeks to the baseline visit and the year 3 visit. Interviewers entered each medication into the database, which assigned drug codes using Medispan software (First DataBank, Inc., San Bruno, CA, USA). Information on duration of use but not dose was recorded. For this study, we defined hormone therapy (HT) as use of an estrogen with or without progesterone (oral or patch formulations). Use of bisphosphonates, calcitonin, and selective estrogen receptor modulators (SERMS) also was noted. Current AED use was defined as any use at the baseline and/or at the year 3 visit. We categorized AEDs into two groups: (1) enzyme-inducing and (2) non-enzyme-inducing. The category of enzyme-inducing AEDs included carbamazepine, mephenytoin, phenytoin, and primidone, and the category of non-enzymeinducing AEDs included clonazepam, divalproex sodium, valproic acid, gabapentin, lamotrigine, methsuxime, and topiramate. (32) (33) (34) Since divalproex sodium and valproic acid may be weakly cytochrome P450 enzyme-inducing and topiramate may be weakly enzyme-inducing in a dose-dependent manner, (35) these medications also were included as enzyme inducers in a separate sensitivity analysis. In models looking at the number of AEDs used, AED users were split into two groups, those who used only one AED and those who used more than one AED. These levels of AED use were put into a model along with those who were not using AEDs. Duration of use of AEDs was examined in three categories (<2 years, 2 to 5 years, and >5 years).
Dietary supplements
Dietary intake of calcium and vitamin D were measured with a semiquantitative food-frequency questionnaire. (36) Vitamin D intake was defined as the sum of vitamin D from supplements and diet, whereas calcium intake included all calcium from medications, supplements, and diet.
Other covariates
Questionnaires were used to collect information on age, ethnicity, smoking history, parental history of hip fractures, prevalent fractures on or after age 55, age at menopause, history of Parkinson's disease, history of diabetes, history of multiple sclerosis (MS), history of stroke, and health status. A history of falls was defined as two or more falls in the year before the baseline visit. Alcohol consumption was estimated from the food-frequency questionnaire. Energy expenditure from recreational physical activity was used to determine physical activity levels. The 36 Item Short Form Health Survey (SF-36) was used to calculate a physical function construct (scale 0 to 100), with higher scores indicating better physical function. Height and weight were measured in the WHI (31) and used to calculate body mass index (BMI). Geographic study sites and trial enrollment [clinical trials (CTs) or observational study (OS)] were adjusted for in the statistical analyses. Within the calcium/vitamin D supplementation trial, adjustments were made for assignments to placebo versus calcium/vitamin D supplementation. All covariates were selected pre hoc; of these, age, race, and ethnicity were included in minimally adjusted models, and all covariates were included in fully adjusted models. All covariates used were from the baseline visit.
Outcomes and follow-up
Measurement of BMD
BMDs of the total hip, anteroposterior lumbar spine, and total body were measured at baseline and year 3 in participants at 3 of the 40 clinical centers of the WHI (Pittsburgh, Pennsylvania, Birmingham, Alabama, and Phoenix/Tucson, Arizona) by dualenergy X-ray absorptiometry (DXA) using a Hologic QDR densitometer (Model 2000, 2000þ, or 4500 Fan-beam, Hologic, Inc., Waltham, MA, USA) Three Hologic phantoms (spine, hip, and linearity) were exchanged among these three centers and measured in array mode five times, once each day for five consecutive days, to assess cross-calibration. Spine, hip, and linearity phantoms were in close agreement (interscanner variability < 1.5% for the spine, 4.8% for the hip, and 1.7% for linearity). We determined change in BMD by AED use category at these sites from baseline to year 3.
Fracture ascertainment
In WHI CTs, all fracture outcomes were verified by radiology reports. Radiographs were not obtained to ascertain subclinical vertebral fractures. (37) In the WHI OS, only hip fractures, and not any other fractures, were adjudicated by central review of radiology reports.
Fall ascertainment
Incident falls were ascertained prospectively using questionnaires asking about the number of times the participant fell (excluding falls owing to sports) in the interval since the last medical history update.
Statistical analysis
Descriptive analyses (Tables 1 and 2 ) were stratified by AED use at baseline and are presented with the number of participants, means, and standard deviations in each group for continuous variables and frequencies with percentages for categorical covariates. For continuous covariates, a two sample t test was used to compare between groups, whereas for categorical variables, a chi-square test was used to assess significance. Modeling (Tables 3 and 4 ) was done using Cox proportional hazards models and includes results both with minimal adjustment (e.g., age, race/ethnicity, and BMI) and full adjustment (i.e., age, race/ethnicity, BMI, smoking status, alcohol intake, calcium and vitamin D intake, prevalent fracture at age 55þ, history of falls, bisphosphonate use, past/current use of HT, SERM use, calcitonin use, age of menopause, physical activity levels, physical function construct, history of diabetes, history of stroke, parental history of hip fractures, study site region, selfreported health, history of MS, and history of Parkinson's disease). All proportional hazards models additionally were adjusted for intervention status in the WHI hormone therapy (active/placebo/not randomized), dietary modification (intervention/comparison/not randomized), and calcium/vitamin D (active/placebo/not randomized) trials, as well as enrollment in the WHI OS (yes/no). Results for each outcome are presented with event totals, annualized percentages, and hazard ratios (HRs) with their corresponding 95% confidence intervals (CIs). Fracture outcomes were modeled individually first by any AED use at baseline (users versus nonusers) and then by duration of AED use at baseline (see Table 3 ; stratified into groups of <2years, 2 to 5 years, >5 years versus nonusers).
Subgroup analyses also were performed, duplicating the main models while separating out users by number and type (see Table 4 ) of AED used. A final model was run comparing enzymeinducing AED users with non-enzyme-inducing AED users, excluding the 41 persons who used both enzyme-inducing and non-enzyme-inducing AEDs.
BMD means by AED use are presented with sample sizes, means, and standard errors in Table 5 . Comparisons between the means at the initial measurement (baseline), final measurement (year 3), and the 3-year change in BMD between the AED user and nonusers groups were done both in minimally and fully adjusted linear models, modeling the BMD covariate of interest by baseline AED use and using the baseline covariates listed earlier for adjustments. All analyses were conducted with SAS Version 9.1 (SAS Institute Inc., Cary, NC,.USA).
Results
Baseline characteristics and medication use
Our data set included 1385 AED users (including n ¼ 269 carbamazepine; n ¼ 470 clonazepam; n ¼ 110 divalproex sodium; n ¼ 81 gabapentin; n ¼ 5 lamotrigine; n ¼ 3 mephenytoin; n ¼ 3 methsuximide; n ¼ 370 phenytoin; n ¼ 67 primidone; n ¼ 1 topiramate; and n ¼ 6 valproic acid). Baseline characteristics of the study population and medication use by AED use are shown in Tables 1 and 2 , respectively. In general, AED users were sicker and had more risk factors for fracture than nonusers (see Table 1 ). However, AED users were more likely to be HT, bisphosphonate, or calcitonon users than were nonusers (see Table 2 ). Among AED users, there was no significant association of duration of use of AEDs with prevalent fractures (data not shown).
Fracture and fall outcomes in whole cohort
Among AED users, the annualized percentage of incident fractures was 3.35% for total fractures, 0.29% for hip fractures, 0.48% for clinical vertebral fractures, 0.72% for lower arm/wrist fractures, 2.49% for other clinical fractures, and 7.40% for two or more falls. In nonusers of AEDs, the respective annualized percentages for these incident fractures and falls were 2.10%, 0.15%, 0.22%, 0.48%, 1.51%, and 4.29%, respectively (see Table 3 ). In models adjusted for age, race/ethnicity, and BMI and in fully adjusted models, respectively, use of AEDs was positively associated with total fractures, all site-specific fractures, and falls (see Table 3 ). In fully adjusted models, there was a significant association of duration of use of AEDs and total fractures, two or more falls, and all site-specific fractures ( p .005 for all), except for hip fractures ( p ¼ .156) (data not Fracture and fall outcomes by use of enzyme-inducing and non-enzyme-inducing AEDs
In models adjusted for age, race/ethnicity, and BMI compared with nonusers of AEDs, users of enzyme-inducing AEDs (n ¼ 681), non-enzyme-inducing AEDs (n ¼ 663), and both enzyme-inducing and non-enzyme-inducing AEDs (n ¼ 41) were at significantly higher risk for total fractures (HR ¼ 1.44, 95% CI Table 4 ).
Compared with non-enzyme-inducing AED users (n ¼ 663), in models adjusted for age, race/ethnicity, and BMI, users of enzyme-inducing AEDs (n ¼ 681) were at significantly higher risk of total fractures (HR ¼ 1.29, 95% CI 1.04-1.61). In fully adjusted models, a similar increased risk of total fractures also was seen (HR ¼ 1.36, 95% CI 1.09-1.69, respectively). These results were not materially changed when divalproex sodium, valproic acid, and topiramate were included as enzyme-inducing rather than as non-enzyme-inducing AEDs (data not shown).
BMD outcomes
In the subset of women with BMD, in fully adjusted models, compared with nonusers of AEDs, users of AEDs had no significant differences in percentage change from baseline to year 3 BMD of the hip ( p ¼ .312), spine ( p ¼ .064), or total body ( p ¼ 0.539; see Table 5 ). Model 2 adjusted for age, race/ethnicity, BMI, smoking, alcohol, calcium and vitamin D intake, history of fractures (fracture at age 55þ), history of falls (two or more in the year prior to enrollment), bisphosphonates, past/current use of HT, SERMs, calcitonin, age of menopause, physical activity levels, physical function construct, diabetes, stroke, parental history of hip fractures, study site region, self-reported health, multiple sclerosis, Parkinson's, WHI trial participation and intervention. bc Nonusers of AEDs are the reference group for both the any-use and the duration models.
Discussion
In this largest prospective study of AED use and osteoporosis in multiethnic postmenopausal women, AEDs were associated with a significantly increased risk for total and site-specific fractures, including both nonvertebral (including hip) and clinical vertebral fractures. The risk for fractures was a function of the number and type of AEDs used, with women who used more than one AED as opposed to single AED use and those who used enzyme-inducing AEDs as opposed to the more recently introduced non-enzyme-inducing AEDs more likely to fracture. There was no significant association of AED use with BMD changes; there was, however, a significant association of AED use with falls.
The more than 1300 postmenopausal women AED users in the WHI is the largest cohort of ambulatory, noninstitutionalized, multiethnic women ever prospectively examined for fractures.
Although an elevated risk for total fractures has been reported previously in AED users, these studies were limited by the inability to control for potential confounders (5, 7, 11) that we were able to consider in the WHI. Over 11% of our population (>200 AED users) were of racial groups other than white (predominantly black), and the increased risk of total fractures in these women was similar to that of white women. This is potentially important because seizures, a major indication for use of AEDs, occur across all racial groups, (9) and the relationship between AED use and fractures in multiracial groups has not, to our knowledge, been explored previously. Others have suggested that black race is an independent risk factor for receipt of use of the older, enzyme-inducing AEDs. (38) Relative to site-specific fractures, in agreement with our study, some, (7, 8) but not all, (6) studies report an elevated risk for hip fractures with AED use, although these studies, in contrast with Adjusted for age, race, BMI, smoking, alcohol, calcium and vitamin D intake, history of fractures (fracture at age 55þ), history of falls (two or more in year prior to enrollment), bisphosphonates, past/current use of HT, SERMs, calcitonin, age of menopause, physical activity levels, physical function construct, diabetes, stroke, parental history of hip fractures, study site region, self-reported health, multiple sclerosis, Parkinson's, WHI trial participation, and intervention. Model 2 adjusted for age, race/ethnicity, BMI, smoking, alcohol, calcium and vitamin D intake, prevalent fractures (fracture at age 55þ), prevalent falls (two or more in the year prior to enrollment), bisphosphonates, past/current use of HT, SERMs, calcitonin, age of menopause, physical activity levels, physical function construct, diabetes, stroke, parental history of hip fractures, study site region, self-reported health, MS, Parkinson's, and WHI trial participation and intervention.
the WHI, did not include racial groups other than Caucasians. (6) (7) (8) In accord with our results, an increased risk for Colles' fracture with AED use has been documented. (7, 39) The relationship between AED use and vertebral fractures is more controversial, with one study, similar to ours, reporting an approximately 50% increased relative risk for vertebral fractures with AED use, (7) whereas another study found no significant relationship between AED use and vertebral fractures. (39) Our study differs from those, (7, 39) however, in that we included only clinical vertebral fractures. In the WHI, both the number (more than one compared with one) and type (enzyme-inducing compared with non-enzymeinducing) of AED used were significantly associated with fractures. In agreement with this, one study (7) found that relative to non-enzyme-inducing AEDs, enzyme-inducing AEDs were more likely to be associated with fractures. However, others have noted no difference in the relationship between the type of AED used and fracture risk. ( (40) and recurrent falls. (41) Cross sectionally, in the WHI there were no significant differences in BMD between the 113 women who used AEDs and the nonusers of AEDs. In contrast, other cross-sectional studies have reported lower BMDs of the lumbar spine and hip with AED use. (40) (41) (42) Similarly, in the WHI, differences in fracture rates between AED users and nonusers were not explained by longitudinal differences in changes in BMD. However, significant rates of bone loss at the hip in both women (22) and men (43) AED users have been reported by others. The reasons for these differences in findings in BMD in users of AEDs in the WHI compared with these other studies are not clear. It is possible that it is because only a subset of AED users (84 women) over a limited time (3 years) had BMD measured, limiting our power to detect BMD differences between the groups. This BMD population was slightly older and had a larger percentage of minority women than the whole cohort. Another important mechanism that may underlie the relationship of AED use and fractures is changes in bone metabolism; however, biomarkers of bone metabolism were not available for this entire cohort. Alternatively, it is possible that AEDs increase the risk of fracture solely by increasing falls and have no effects on either BMD or biomarkers. If so, this may operate in several ways. The first mechanism would be a direct result of the AED itself increasing falls because dizziness, ataxia, and unsteady gait are among the most common side effects of AEDs. (23) (24) (25) (26) The second potential mechanism would not be as a direct effect of the AED by rather confounding by indication because an increasing number of falls may occur in medical conditions for which AEDs are used.
There are a number of limitations to our study. Although we adjusted for conditions including diabetes, multiple sclerosis, and Parkinson's disease in which AEDs may be used, we did not have information on seizure history, and seizures may be associated with fractures. (39) In addition, doses of AEDs were not captured in the WHI. Prefracture health, which may change precipitously in older populations, is a predictor of fracture, (42, 43) and we only included baseline levels of prefracture health as a covariate in the models. 25(OH)D may be associated with BMD (44) and AED use, (15) but we could not adjust for this. The limited number of women who had DXAs may have contributed to our inability to show an association between AEDs and BMD.
In conclusion, there was a significant association between AED use and falls and fractures in multiracial postmenopausal women in the WHI. The risk for total fractures and all site-specific fractures including nonvertebral (and specifically hip) and clinical vertebral fractures was significantly higher in AED users. Enzymeinducing AEDs were associated with the highest fracture risk. Whether the association of AED with fractures is a function of the drug itself or rather the condition for which it is being prescribed merits further study. In clinical practice, however, postmenopausal women who use AEDs should be considered at risk for fracture, and attention to fall prevention in these women may be particularly important.
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